Abstract Whole Atmosphere Community Climate Model simulations are used to investigate the short-term (<30-day) temporal variability in the midlatitude and high-latitude Southern Hemisphere mesosphere. We focus primarily on the short-term variability in zonal mean gravity wave drag and its influence on the mesosphere circulation and chemistry. The seasonal climatology from 36 years (1979-2014) of specified dynamics Whole Atmosphere Community Climate Model simulations reveals that the short-term variability of zonal mean gravity wave drag, which is quantified by the standard deviation over a 30
Introduction
The mesospheric circulation and temperature are primarily driven by the deposition of energy and momentum due to the dissipation of upward propagating waves, including gravity waves, planetary waves, and tides. In the mesosphere, the persistent gravity wave forcing establishes the seasonal climatology, including the summer to winter meridional circulation, cold summer mesopause, and warm winter mesospause (e.g., Fritts & Alexander, 2003; McLandress, 1998) . Understanding the behavior of gravity waves is therefore critical in order to understand the dynamics of the mesosphere. Modeling and observational studies have characterized the salient features of gravity waves in the middle atmosphere. Satellite observations have revealed the global variability of gravity waves in the stratosphere and mesosphere, including their seasonal, latitudinal, and longitudinal variability (Alexander et al., 2008; Ern et al., 2004 Ern et al., , 2011 McLandress et al., 2000; Wang & Alexander, 2010; Wu & Eckermann, 2008) . Historically, the coarse resolution of general circulation models (GCMs) inhibited resolving the majority of the gravity wave spectrum. However, by including parameterizations, they provide insight into the necessary gravity wave forcing (alternatively referred to as gravity wave drag) that is necessary to accurately simulate the climatological behavior of the middle atmosphere (e.g., McLandress, 1998) . More recently, high-resolution GCMs have been developed that can reproduce the general climatology of the middle atmosphere without resorting to parameterizations (Becker, 2009; Holt et al., 2017; Liu et al., 2014; Miyoshi et al., 2014) , though even models with 0.25 ∘ horizontal resolution may not fully capture the entire gravity wave spectrum (Liu et al., 2014) Investigations into mesospheric gravity waves have largely focused on their seasonal climatology and their impact on the seasonal variability in mesosphere chemistry, circulation, and temperature. There are, however, time periods when mesospheric gravity waves depart significantly from the zonal mean seasonal climatology. For instance, considerable longitudinal variability occurs in mesospheric gravity waves when there are large amplitude stratospheric planetary waves. This occurs due to the influence of the longitudinally varying zonal winds in the stratosphere on the propagation of gravity waves into the mesosphere. The resulting longitudinal variability in gravity wave drag is a possible source for the in situ generation of planetary waves in the mesosphere (Lieberman et al., 2013; Smith, 1996 Smith, , 2003 . Departures from climatology also occur in terms of short-term (i.e., subseasonal) variability. Investigations into the short-term mesosphere gravity wave variability have primarily focused on the high-latitude Northern Hemisphere during winter. This is due to the notable short-term changes in middle atmosphere zonal mean gravity waves that occur during sudden stratospheric warmings (SSWs; Chandran et al., 2013; Hoffmann et al., 2007; Limpasuvan et al., 2012; Liu & Roble, 2002; Siskind et al., 2010; Wang & Alexander, 2009 ). The short-term zonal mean gravity wave variability in the mesosphere during SSWs is largely attributed to the effects of changes in zonal mean stratospheric winds on filtering of gravity waves that reach the mesosphere.
The short-term gravity wave variability that occurs during SSW events leads to additional variability in the mesosphere. The altered gravity wave forcing modifies the mesosphere residual circulation, resulting in mesospheric cooling during SSWs (Hoffmann et al., 2007; Holton, 1983; Liu & Roble, 2002) . Gravity wave drag also plays a key role in the formation of an elevated stratopause following certain SSWs (Chandran et al., 2013; Ren et al., 2011; Siskind et al., 2010) , as well as enhancing the downward transport of trace species from the mesosphere into the stratosphere (Holt et al., 2013; McLandress et al., 2013; Meraner et al., 2016; Siskind et al., 2007) . Northern Hemisphere SSW events can also lead to short-term changes in mesospheric gravity wave forcing in the high-latitude Southern Hemisphere, leading to the mesosphere warming that occurs in the Southern Hemisphere during Northern Hemisphere SSWs (Körnich & Becker, 2010) . Although past studies have focused predominately on the impact of gravity wave variability on the mesosphere during SSWs, considerable variability in the mesospheric circulation and chemistry is also likely to occur during non-SSW time periods that exhibit large gravity wave variability.
Given the consequences of short-term gravity wave forcing variability on the mesosphere, it is critical to understand the extent that gravity waves vary on subseasonal time scales. Furthermore, outside of Northern Hemisphere high latitudes during wintertime, relatively little is known about the occurrence of short-term variability in gravity wave forcing, as well as any resultant impacts on the mesosphere. This is especially the case with regard to the Southern Hemisphere and is despite the fact that the Southern Hemisphere high-latitude wintertime stratosphere is frequently disturbed by planetary waves (Randel, 1998; Shiotani et al., 1993) , though the disturbances tend to be weaker compared with those that occur in the Northern Hemisphere (Randel, 1998) . The focus of the present study is therefore to investigate the short-term (defined here as less than 30 days) temporal variability of zonal mean gravity wave forcing in the Southern Hemisphere, with an emphasis on the variability during late austral winter to early spring (August to November). This is accomplished using 36 years (1979-2014) of specified dynamics Whole Atmosphere Community Climate Model (WACCM) simulations. Our primary objective is to understand the extent to which the Southern Hemisphere mesosphere is disturbed by the weaker stratospheric disturbances that occur in the Southern Hemisphere. This encompasses mesospheric changes in zonal mean gravity wave drag, chemistry, and circulation. We additionally contrast the short-term temporal variability in the Southern Hemisphere with the Northern Hemisphere variability.
Model Description
We investigate the short-term zonal mean gravity wave drag variability, and its impact on the mesosphere circulation and chemistry, using the WACCM. WACCM is the high-top atmospheric component of the Community Earth System Model (Hurrell et al., 2013) and extends from the surface to 5.1 × 10 −6 hPa. The horizontal resolution is 1.9 ∘ in latitude and 2.5 ∘ in longitude. The version of WACCM used in the present study has 88 vertical levels, with a vertical resolution of 1.1-1.75 km in the troposphere and stratosphere and 3.5 km in the mesosphere and lower thermosphere. Details of the chemistry, dynamics, and physics of the version (WACCM4) used in the current study can be found in Marsh et al. (2013) .
The simulations were performed using the specified dynamics version of WACCM (SD-WACCM). In SD-WACCM, the model meteorology (temperature and horizontal winds) below ∼50 km is relaxed toward reanalysis fields. Above ∼50 km, the model is free-running. The SD-WACCM configuration enables the model to reproduce specific historical time periods. A description of the relaxation (also known as nudging) procedure used in SD-WACCM can be found in Kunz et al. (2011) and Smith et al. (2017) . The reanalysis fields are from the National Aeronautics and Space Administration Modern Era Retrospective Analysis for Research and Applications (MERRA; Rienecker et al., 2011) . SD-WACCM simulations from 1979 to 2014 that followed the "REFC1D" protocol of the Chemistry Climate Model Initiative (Eyring et al., 2013) are used in the present study. Analysis of the SD-WACCM simulations is performed on daily output using the diurnal and zonal mean fields. We note that an updated version of MERRA (MERRA2) has recently been released; however, the SD-WACCM Chemistry-Climate Model Initiative simulations that are analyzed in the present study were performed prior to the release of MERRA2. Comparison of the zonal mean zonal winds in MERRA and MERRA2 shows good agreement below the nudging level used in SD-WACCM. The assimilation of Aura Microwave Limb Sounder temperature observations in MERRA2 would enable nudging ∼10 km higher in altitude and still be within the altitude range where MERRA2 is constrained by observations. These altitudes are where the differences between MERRA and MERRA2 are more apparent. However, this may only marginally improve the mesosphere . We therefore do not believe that the results and conclusions of the present study would change significantly if MERRA2 were used instead of MERRA.
As the focus of our investigation is on the short-term gravity wave variability, we briefly describe the treatment of gravity waves in SD-WACCM. Due to the relatively coarse model resolution, gravity waves, along with their impact on the mesosphere, are parameterized. Orographic gravity waves are parameterized following McFarlane (1987) and Garcia et al. (2017) . The vertical propagation of nonorographic gravity waves uses the Lindzen (1981) formulation. The sources of nonorographic gravity waves in WACCM4 are parameterized based on frontal systems and convection (Richter et al., 2010) . This provides a more realistic source spectrum compared to the historically used parameterization based on arbitrary sources. It should be noted that the gravity wave parameterization treats the vertical propagation as instantaneous and neglects lateral propagation as well as secondary gravity waves. WACCM may also not adequately capture changes in the gravity wave sources. Despite these limitations, we do not believe that these assumptions significantly influence the results. Furthermore, as discussed in the following sections, the primary driver of the parameterized gravity wave variability in the mesosphere is the critical-level filtering due to stratospheric zonal winds. To the extent that critical-level wind filtering is the dominant driver of gravity wave propagation, the results of the present study are considered to be independent of the specific gravity wave parameterizations used in WACCM4, at least qualitatively. The overall results and conclusions should also hold true in high-resolution, gravity wave resolving, simulations.
Results
Results based on the analysis of the SD-WACCM simulations are presented in this section. We first focus in section 3.1 on the short-term zonal mean gravity wave drag variability and compare the variability in the Northern and Southern Hemispheres. The impacts of this variability on the mesospheric circulation and composition are subsequently presented in section 3.2.
Gravity Wave Drag Variability
As an example of the short-term gravity wave drag variability that occurs in the Southern Hemisphere during late winter to early spring, Figure 1a shows the zonal mean gravity wave drag during days 225-350 (mid-August to mid-December) of 2003. Throughout the following, we only consider the parameterized gravity wave drag and neglect any smaller-scale waves that may be resolved in the coarse-resolution SD-WACCM simulations. Additionally, only the net parameterized gravity wave drag, instead of separate eastward and westward components, is considered since this is the driver of the mesospheric circulation. The results in Figure 1a are averaged between 45 ∘ and 75 ∘ S latitude, which is near the latitude of maximum gravity wave forcing in the Southern Hemisphere. The thick solid line in Figure 1a is the signed sum of the maximum and minimum midlatitude (45-75 ∘ S) average zonal mean zonal wind between 100 and 0.01 hPa (U max +U min ). U max +U min is used as a proxy for the stratosphere-mesosphere zonal mean zonal winds and will be discussed in more detail later. Between days ∼250 and 300, there are notable quasiperiodic enhancements in the gravity wave drag in the mesosphere. During this period, the gravity wave drag oscillates between ∼0 and ∼20-40 ms −1 day −1 with a period of 10-15 days. We note that this variability is similar to what is seen in the Northern Hemisphere during December to February (Chandran et al., 2011) , though it is not as strong as what occurs during SSW events. The short-term variations in gravity wave drag lead to short-term changes in the mesospheric energy deposition due to gravity wave dissipation that are ∼1-3 K day-1 , which corresponds to 30-50% of the seasonal mean (not shown). Figures 1b and 1c show the Eliassen-Palm (EP) flux divergence (Edmon et al., 1980) from resolved dynamics and zonal mean zonal winds during the same time period. Similar to the gravity wave drag, short-term fluctuations occur in the EP flux divergence and zonal mean zonal wind between days 250 and 300. In general, periods of stronger eastward winds in the upper stratosphere and lower mesosphere are associated with decreased gravity wave drag, and weaker eastward winds are associated with an increase in gravity wave drag. As will be discussed in more detail later, this behavior is consistent with stratospheric wind filtering being the dominant source of the gravity wave drag variability. The temporal relationship between the EP flux divergence and zonal mean zonal winds is consistent with the zonal wind variability being driven by resolved (planetary) scale waves. This example illustrates that although the planetary wave forcing is generally weaker in the Southern Hemisphere, it can still have significant influences on the mesosphere by introducing large short-term gravity wave drag variability.
We next explore the annual climatology of the short-term zonal mean gravity wave drag variability in the midlatitude Southern Hemisphere and contrast it with the Northern Hemisphere. Note that in the present study we consider short-term variability to be variability occurring on time scales of less than 30 days. The 1979-2014 average standard deviation (which we use to represent variability) of the zonal mean gravity wave drag anomaly within a 30-day running window is shown in Figure 2 . The standard deviation is calculated using gravity wave drag anomalies in order to prevent seasonal changes from influencing the results. The gravity wave drag anomalies were calculated by applying a Fourier filter to remove variability with periods greater than 30 days. In the Northern Hemisphere (Figure 2a) , the primary enhancement occurs during December to March, with a secondary, thin-layer, enhancement around June. The enhancement during December to March is expected due to the known occurrence of SSWs and large planetary waves during this time period, which generate short-term variability in mesospheric gravity waves (Charlton & Polvani, 2007; Limpasuvan et al., 2004 Limpasuvan et al., , 2012 Zülicke et al., 2017) . There are two notable enhancements in the Southern Hemisphere (Figure 2b ). The first occurs during December to February and, as will be discussed below, is associated with interhemispheric coupling between the high-latitude winter stratosphere and summer mesosphere. Such interhemisphere coupling occurs during SSWs and is thought to be driven by changes in gravity wave drag (Körnich & Becker, 2010) . Another enhancement occurs in the Southern Hemisphere between September and November. In contrast to the December to February enhancement, which occurs in a relatively thin layer around ∼0.05 hPa, the enhancement during September to November occurs throughout the mesosphere. The occurrence of gravity wave variability throughout the mesosphere is similar to the Northern Hemisphere during December to March. Furthermore, the variability in the Southern Hemisphere during September to November is only ∼15-20% weaker than the Northern Hemisphere maximum during December to March, indicating that short-term variability of the Southern Hemisphere mesosphere during late austral winter to early spring is nearly as strong as the short-term variability that occurs in the Northern Hemisphere during boreal winter.
From Figure 2 , it is evident that enhancements in the short-term zonal mean gravity wave drag variability occurs in both hemispheres during December to March. However, during September to November, an enhancement is only seen in the Southern Hemisphere. As previously mentioned, we attribute the enhancement in both hemispheres during Northern Hemisphere winter to be related to interhemisphere coupling during SSW events. This is confirmed in Figure 3a , which shows the regression of anomalies in zonal mean gravity wave drag against the anomalies in zonal mean zonal wind at 60 ∘ N and 10 hPa during January. Note that the regressed fields in Figure 3 are based on the 1-change in the reference winds (6.0 and 4.3 m/s in Figures 3a and 3b, respectively) . Note that in Figure 3 , we use the regression field since it provides a measure of how the mesospheric gravity wave drag responds to the variability in the stratosphere winds. In January, there is clearly a strong response in the Southern Hemisphere mesosphere gravity wave drag to changes in the Northern Hemisphere stratosphere zonal winds. This connection is consistent with previous studies that have shown a coupling between variability in the Northern Hemisphere winter stratosphere and Southern Hemisphere summer mesosphere (e.g., Karlsson et al., 2009; Körnich & Becker, 2010) . In contrast, Figure 3b shows that during October, which is near the maximum in Southern Hemisphere short-term gravity wave drag variability, there is only a very weak (∼2 m⋅s −1 ⋅day −1 ) signature in the Northern Hemisphere, indicating that there is only a weak coupling between the Southern Hemisphere stratosphere and Northern Hemisphere mesosphere. We note that although the stratospheric wind variability is ∼30% less in the Southern Hemisphere during October compared to the Northern Hemisphere during January, the regressed mesospheric gravity wave drag in the opposite hemisphere is ∼70% weaker in October compared to January. This suggests that the interhemisphere coupling is considerably stronger in January compared to October and explains why there is not an enhancement in the short-term zonal mean gravity wave drag variability in the Northern Hemisphere during September to November. The exact reasons for the differences in interhemispheric coupling during Northern and Southern Hemisphere winters is beyond the scope of the present study.
Impacts on Mesosphere Circulation and Composition
Gravity wave drag significantly influences the mesosphere circulation, and one may anticipate that the short-term gravity wave drag variability in the Southern Hemisphere will induce circulation changes. Figure 4a (colored contour) shows the transformed Eulerian mean residual vertical velocity (w*; Andrews et al., 1987) averaged between 70 ∘ and 90 ∘ S during the same time period as Figure 1 . It is clear in Figure 4a that times with enhanced eastward gravity wave drag are associated with enhanced upwelling in the lower mesosphere and downwelling in the upper mesosphere. This is consistent with the impact of enhanced eastward gravity wave drag during Northern Hemisphere SSWs on the mean meridional circulation (e.g., Liu & Roble, 2002) . The short-term gravity wave drag variability therefore induces short-term changes in the Southern Hemisphere mesospheric residual circulation. This variability has additional implications for the chemistry of the middle atmosphere, and Figures 4a and 4b (black line contours) show the zonal mean atomic oxygen (O) and nitrogen oxides (NO x ) during the same time period. Clear short-term oscillations occur in O and NO x that are driven by the changes in w*. Specifically, O and NO x at a given pressure level decrease following an increase (i.e., upwelling) in w*, which is expected to occur assuming that the variability is solely due to vertical transport (Smith et al., 2011) . In Figure 4 , there is an apparent delay of several days between minima in w* and minima in O and NO x , suggesting that the effects of short-term circulation variability on mesospheric chemistry are not instantaneous.
The 1979-2014 seasonal climatology of the short-term (<30-day) variability in zonal mean O in the Northern and Southern Hemisphere high latitudes (±70-90 ∘ ) is shown in Figures 5a and 5b , respectively. Similar to gravity wave drag, we again quantify the short-term variability by the standard deviation of the O anomaly within a 30-day sliding window. In the Northern Hemisphere, there is a clear annual cycle to the short-term O variability, with the greatest short-term variability occurring between December and March. Above ∼0.001 hPa, the short-term O variability in the Southern Hemisphere exhibits a combination of annual and semiannual variabilities. The annual variation is characterized by greater short-term variability during Southern Hemisphere winter months. Superimposed on the annual variation is a roughly semiannual variation with maxima around April to May (days 100-150) and September to October (days 250-300). The semiannual maxima correspond to periods of greater Southern Hemisphere stratospheric planetary wave activity (e.g., Randel, 1998) , suggesting that the enhanced short-term O variability during these times is dynamically driven. To assess whether the short-term O variability is related to short-term gravity wave drag variability, Figure 5c shows the Northern and Southern Hemisphere seasonal climatologies of midlatitude (±45-75 ∘ ) gravity wave drag short-term variability at 1 × 10 −4 hPa along with the high-latitude (±70-90 ∘ ) short-term variability in O at 1 × 10 −3 hPa.
Note that we compare midlatitude gravity wave drag with high-latitude O since the gravity wave driven circulation leads to vertical motion in the polar region, which in-turn influences the high-latitude, wintertime, O through vertical transport (e.g., Smith et al., 2011) . In both hemispheres, there is an excellent correspondence between times of enhanced short-term variability in gravity wave drag and O, though the relationship is not entirely linear, which suggests additional processes contribute to the short-term O variability. The similar seasonal variations in gravity wave drag and O short-term variability indicate that the short-term variability in gravity wave drag leads to short-term variability in the residual circulation, which in-turn generates short-term variability in mesosphere atomic oxygen (as well as other dynamically driven trace species). Furthermore, in Figure 5c , it is again evident that the short-term variability in the Southern Hemisphere midlatitude to high-latitude mesosphere is nearly as large as in the Northern Hemisphere. This demonstrates that, although large disturbances such as major SSWs do not typically occur in the Southern Hemisphere, the Southern Hemisphere mesosphere exhibits nearly as much variability in late winter to early spring as occurs in the Northern Hemisphere during boreal winter.
Discussion
The results have demonstrated that the zonal mean gravity wave drag in the Southern Hemisphere exhibits large short-term variability during September to November, and this has consequences for the mesosphere circulation and chemistry. We now turn our attention toward understanding the source of the short-term gravity wave drag variability. The spectrum of gravity waves that are able to reach the mesosphere is filtered by stratospheric winds, and we thus consider wind filtering to be the most likely source of the gravity wave variability. As a proxy for the stratosphere and lower mesosphere winds that filter the gravity waves, we consider the sum of the daily maximum and minimum zonal mean zonal winds between 100 and 0.01 hPa (subsequently referred to as U max +U min ). Throughout the following, we calculate U max +U min based on the average midlatitude (45-75 ∘ S) zonal mean zonal winds. Note that the sign of the maximum and minimum zonal mean zonal winds is retained in calculating U max +U min . With the sign retained, a decrease in U max +U min represents either weaker eastward winds or stronger westward winds, both of which will tend to increase the eastward gravity wave drag (or decrease the westward gravity wave drag) in the mesosphere due to critical-level wind filtering. Likewise, an increase in U max +U min will tend to increase the westward gravity wave drag, or decrease the eastward gravity wave drag, in the mesosphere. U max +U min thus serves as a useful, first-order, proxy for the effect of stratosphere-mesosphere winds on the filtering of gravity waves. U max +U min is shown in Figure 1a (solid black line) for days 225-350 of 2003. There is a clear anticorrelation between mesospheric gravity wave drag and U max +U min , indicating that short-term decreases in stratosphere and lower mesosphere winds lead to enhancements in gravity wave drag.
Results comparing the daily anomaly of zonal mean gravity wave drag at 0.01 hPa with U max +U min for the entire 1979-2014 time period are shown in Figure 6 . Note that in Figure 6 , we only consider days 260 to 300, which is when the gravity wave drag variability is the greatest. The gravity wave drag anomalies were again calculated by removing periods greater than 30 days with a Fourier filter. There is a clear linear relationship between U max +U min and the gravity wave drag anomaly, and the correlation coefficient is −0.60. The anticorrelation between U max +U min and the gravity wave drag anomaly can be explained by the fact that, for example, a weakening of the eastward winds in the stratosphere (decreasing U max +U min ) will allow more gravity waves with eastward phase speeds to reach the mesosphere, leading to an increase in gravity wave drag. The anticorrelation between stratospheric winds on the short-term variability of gravity wave drag in the Southern Hemisphere is similar to what occurs in the Northern Hemisphere during SSW events (Ren et al., 2011; Siskind et al., 2010; Zülicke et al., 2017) .
To fully illustrate the relationships between short-term variabilities in stratosphere and lower mesosphere zonal mean zonal winds, gravity wave drag, mesosphere circulation, and mesosphere composition, Figure 7 shows U max +U min , gravity wave drag at 1 × 10 −2 hPa, w* at 5 × 10 −4 hPa, and O and NO x at 5 × 10 −4 hPa during days 250 to 350 of 2003. In Figure 7 , gravity wave drag is averaged between 45 ∘ and 75 ∘ S, and w*, O, and NO x are averaged between 70 ∘ and 90 ∘ S. Note that w*, O, and NO x are shifted earlier by 2 days in Figure 7 . The temporal lag accounts for a delay between variability in gravity wave drag and the circulation response. The anticorrelation between U max +U min and the gravity wave drag variability is clearly evident. The gravity wave drag variability in-turn modulates w*. From Figure 7 , it is clear that increases in gravity wave drag are associated with downwelling (i.e., negative w*) at the altitude considered, which is expected since Figure 7 shows w* in the upper mesosphere where eastward gravity wave drag leads to downwelling. It should be mentioned that the correlation between gravity wave drag and w* minimizes (i.e., maximum anticorrelation) when w* is shifted by 2 days, as is done in Figure 7 . This suggests that there is a few days delay between changes in gravity wave drag at midlatitudes and high-latitude mesosphere circulation. The changes in w* subsequently modify O and NO x , with enhanced downwelling leading to enhancements in both O and NO x . Based on an analysis of all years, the correlation coefficients between w* and O and between w* and NO x minimize with a delay of 1-2 days, indicating that there is a temporal lag between the change in circulation and the response in composition. Though only 2003 is shown in Figure 7 , the relationships between the stratosphere to lower mesosphere winds, gravity wave drag, mesosphere circulation, and chemistry during late winter to early spring in the Southern Hemisphere are similar in other years in the SD-WACCM simulations.
The results demonstrate important differences in the short-term zonal mean gravity wave drag variability in the Northern and Southern Hemispheres. First, there is a clear difference in the timing of the maxima, with the Northern Hemisphere maximum occurring earlier in the winter season compared to the Southern Hemisphere. We note that the later maximum in the Southern Hemisphere is nearly coincident with the reversal of the stratospheric zonal mean zonal winds (e.g., Figure 1 ). It is, however, unclear whether this enhancement is related to the stratospheric wind reversal or the enhanced planetary wave activity during this time period (e.g., Randel, 1998 ). An additional difference between the two hemispheres is the previously discussed difference in interhemisphere coupling, which appears to be considerably stronger in Northern Hemisphere winter compared to Southern Hemisphere winter. The reason for this difference is not presently known and requires further investigations.
In the present study we have focused exclusively on the short-term variability in the zonal mean stratosphere and mesosphere of a relatively coarse-resolution GCM. There are thus some caveats associated with the results. First, it is important to emphasize that we have only focused on the zonal mean variability, thus neglecting any longitudinal dependencies. The extent that the short-term variability of gravity waves in the mesosphere and the associated effects on circulation and chemistry depend on longitude thus remains to be investigated. Understanding of any longitudinal variability is especially important if the results are to be compared with ground-based observations. Second, the results of the present study rely on parameterized gravity waves in WACCM. Since the dominant driver of the short-term gravity wave variability in the mesosphere is filtering by stratospheric winds, we assume that the parameterization is able to capture the dominant processes occurring in the real atmosphere. Although the WACCM4 gravity wave parameterization accounts for source variability (Richter et al., 2010) , which should improve the fidelity of the short-term gravity wave variability, there remain aspects of the parameterization that are tuned in order to reproduce the climatology of the middle atmosphere. The neglect of any temporal variability in these parameters represents a deficiency in current parameterization schemes and could influence the short-term gravity wave drag variability in the mesosphere. It is therefore important for the results of the present study to be compared with either high-resolution GCMs and/or observations. Such comparison will enable understanding of what, if any, limitations there are of using a coarse-resolution GCM to study short-term variability in Southern Hemisphere mesospheric gravity waves.
Conclusions
The present study has investigated the short-term variability in zonal mean mesospheric gravity waves in SD-WACCM, with a primary focus on the Southern Hemisphere during late winter to early spring (September to November). We find that the short-term variability in gravity wave drag in the midlatitude Southern Hemisphere during September to November is nearly as large as that which occurs in the Northern Hemisphere during December to March. This demonstrates that, although generally considered to be less variable, there is significant short-term variability in the midlatitude to high-latitude Southern Hemisphere mesosphere. Much like the Northern Hemisphere, the gravity wave drag variability in the Southern Hemisphere is attributed to the influence of planetary waves on the stratospheric zonal mean zonal winds. The short-term variability in gravity wave drag drives similar short-term variability in the mesosphere circulation and dynamically driven trace gases (O and NO x ). An important conclusion of the present study is that the middle atmosphere in the Southern Hemisphere is not quiescent. Rather, it exhibits short-term variability that is commensurate with the well-studied Northern Hemisphere, demonstrating that there is a need to further investigate the short-term variabilities in the Southern Hemisphere middle atmosphere.
